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Abstract. In this paper, some boundary charging cases under unidirectional and bidirectional mode are considered to set the upper and lower bounds of the cumulative power delivery to PHEVs. A new index, V flex has been proposed to quantify the flexibility provided by PHEV fleet to the power system. Empirical driving dataset is used to set up the numerical value of the boundaries. Then, based on the above idea, power constraints and energy constraints of aggregate PHEV fleet charging behavior are incorporated into the formulation of unit commitment (UC). A 10-unit system with different penetration levels of PHEVs is studied to show the benefit of system scheduling considering flexible PHEVs charging. Our study shows that a PHEV fleet used as load shifter can provide more economic benefits than used as a replacement of spinning reserve. It is also identified that the main bottleneck of flexibly using vehicle to grid technology (V2G) in unit commitment is the capacity of the batteries instead of the charging and discharging ability.
Nomenclature

V2G Flexibility Analysis
Maximum energy capacity of the battery of a PHEV. Energy needed to charge the battery to expected SOC. 
NV
Total number of PHEVs. p(t)
Probability of the PHEV connected to the grid at time t. Unit Commitment Indices i Generators . Time intervals .
Binary 0/1 and integer variables at time t
On/Off status of unit . Startup status of unit . Shutdown status of unit . Number of periods unit has been offline.
Introduction
With the development of smart grid, more and more attention has been paid on the plug-in hybrid electric vehicle(PHEV) and vehicle-to-grid(V2G) technology. The involvement of PHEVs brings both challenges and opportunities to power systems. On one hand, large number of PHEVs charge simultaneously would impact demand peaks, reduce reserve margins, and increase prices based on the simulations in [1] . On the other hand, the battery in PHEVs can be used as energy storage to mitigate the fluctuations of renewable energy. There are more than 90% of personal vehicles not in use even in traffic peak periods, making them potentially available to the grid [2] . V2G can provide competitive price when providing peak power, spinning reserves and regulation. The revenue of PHEV achievable from participating into both energy and ancillary markets are studied in [3] .
In ancillary market, PHEV can provide spinning reserves and regulation power due to its fast response ability [4] . PHEV are able to provide both regulation up and regulation down services, and a PHEV fleet can also be treated as a controllable load or even generator to charge on valley periods and discharge on peak periods.
Some papers have integrated V2G into unit commitment problem (UC-V2G). The UC formation in [5] use traffic data to give an estimation of PHEV load under different scenarios assuming PHEV only charge after their last trip. Paper [6] takes the total energy requirement of 24 hours period into account to establish PHEV fleet energy balance constraint. Paper [7] divides PHEVs into several PHEV fleet and treats each fleet as a generator.
Since household PHEVs are private properties, the grid operator has no right to make the owners to compromise to the benefits of the grid unless some economic incentives can be introduced. Any charge and discharge schedule of PHEV fleets should fulfill the energy needs of vehicle owners first. Due to the considerable size of PHEV charging demands foreseeable in the future, it will be highly beneficial if the PHEV charging schedules can be optimized and coordinated with the system operation planning i.e. UC, such that PHEVs' potentials as energy storages can be fully utilized to improve the economy and efficiency involved in system operation. Based on these considerations, a new framework for power system unit commitment scheduling incorporating the charging demands from PHEV fleets have been proposed in the paper. Most existing models for PHEVs charging scheduling recognize the stochastic nature of the problem by considering a variety of charging scenarios into the optimization model, which can be difficultly solvable due to the heavy computing loads involved. Instead, the proposed model takes into account practical driving patterns of PHEVs to formulate a feasible space of charging operations considering possible charging methods based on a novel method. Consequently, the computing efforts for the following UC optimization can be largely saved,
The paper is structured as follows. Section II analyzes the flexibility of the V2G process and proposes a new index to quantify the flexibility. Section III gives out the V2G related constraints based on the driving patterns extracted from a practical traffic dataset. Section IV describes the V2G involved unit commitment formulation. In section V, unit commitments with different penetrations of PHEV are studied. Section V concludes the paper with a summary and future scope for the research work.
Flexibility of PHEVs Charging in Power Grids
Introduction of the Terms. The charging or discharging process of a single PHEV on a continuous period can be characterized by the following parameters:
, and . The first five parameters are vehicle related parameters that are fixed for a certain type of PHEV. The remaining three parameters are parking related parameters that can vary according to different parking times.
, is the total V2G time, or the connected time, is a random variable in real life due to the uncertainty of PHEV owner's behavior. How to predict the parking time based on historical data and other information is important but is out of the scope of this paper. In this paper, all these parameters are assumed known when the vehicle is connected to the grid. This is not unrealistic as parameters like SOC is monitored by EV battery management system(BMS) automatically.
Some other parameters of flexible EV charging process can be determined based on the above parameters. E.g. The total energy needed in the whole parking time, , can be calculated as, (1) The minimum charging time required to reach the target SOC, is given by,
The maximum time the vehicles have no energy exchange with the grid, is given by, (3) The average charging power, , is given by,
Charging Scenario Analysis. Several charging scenarios with respect to different charging speed and power are considered for PHEVs. These methods are selected because they are relevant in formulating the boundary constraints for optimal scheduling of the charging services for a PHEV fleet, though they may not necessarily occur in the future. Therefore, only the methods which can represent boundary conditions for the charging scheduling are included. Some of the methods have been discussed in [8] but deserves further analyses herein.
Unidirectional Mode. In the unidirectional mode, PHEVs would not discharge to the grid. Since allowing discharging to the grid means the PHEV fleet should be treated as a generator, not just a controllable load. Additional hardware is also required to enable feeding energy back into the grid [9] . Moreover, the line loss and increased cycling wear outs on the battery would raise issues on economy and metering [10] . Therefore, the unidirectional mode is regarded most likely solution to be adopted when a large number of household PHEVs comes into service. The unidirectional mode can be further divided into several cases as follows, Case u1: Fast Charging The fast charging case considers a scenario where vehicle owners begins charging as soon as it is plugged in the grid, and stop when the SOC of the battery reaches the required amount,
. The vehicle will charge at its maximum charge rate, for , and do nothing in the remaining time . This is the most likely case since it fulfills the charging needs in the simplest manner.
Case u2: Delayed Charging The delayed charging case considers a scenario where a PHEV doesn't charge until the left parking time is just enough to fulfill the charging needs. The PHEV would do nothing for and charge at its maximum charge rate for . Although this case may not happen in reality, it can be useful to establish a lower bound of energy consumption in the following studies.
Case u3: Uniform Charging The uniform charging case considers a scenario where a PHEV accomplishes the charging operation given the full period of grid connection at a uniform speed, which is calculated as the required energy divided by the grid connection time, and denoted as . Obviously, the small and uniform charge flow will benefit the health of the battery.
Consider a charging scenario of a PHEV with equal to1kW. The owner would like to charge 2kWh before he picked up the vehicle 5 hours later. The charging power curve and cumulative energy delivery curve in different cases are shown in figure 1 and figure 2. From figure 1 and 2, the differences between the charging cases can be clearly seen. The curves of figure 2 all start from (0,0) and end at (5h, 2kWh), indicating that given a charging period of 5 hours, the cumulative energy delivery to the vehicle should sufficiently meet the demand of PHEV owner, no matter which charging strategy is taken. It can be found that that no matter which strategy is taken during the connection period, the cumulative energy delivery curve is always located somewhere within the parallelogram region (the region between the curves correspondence to case 1u and case 2u). Therefore case 1u and case 2u set the upper and lower bounds for the cumulative energy delivery curves.
Therefore, we can get the constraints for PHEV charging power as, ,
Equations (5) and (6) can be termed as the power and energy constraints for PHEV charging, and should be incorporated in formulating the unit commitment model later on.
Bidirectional Mode. The bidirectional mode allows bidirectional power flow for PHEVS, which can make full use of storage potential ability. In bidirectional mode, PHEV owners should provide an upper bound and lower bound of the SOC of the battery to avoid deep discharging and overcharging during the process. The bidirectional mode can be further divided into several cases as follows, Case b1: Fast Charging The fast charging case in bidirectional mode is somehow like the case in unidirectional mode. It would be used to set an upper bound of cumulative energy delivery in the bidirectional V2G mode. The PHEV would charge at its maximum power for as long as possible, until the SOC of the battery reaches , or the remaining time left is just enough to discharge its redundant energy, whichever earlier.
Case b2: Delayed Charging The delayed charging case in bidirectional mode is somehow like the case in unidirectional mode. Instead of staying idle for , PHEV would try to discharge as deep as possible and then began its charging process. It would be used to set a lower bound of cumulative energy delivery in this mode.
Case b3: Uniform Charging The uniform charging in bidirectional mode is same as that in unidirectional mode. Figure 3 shows that the region between lower and upper bounds in bidirectional mode is large than that in unidirectional mode, which means that there are more flexibility when taking V2G into account. The power and energy constraints in bidirectional mode are as follows. ,
Charging Flexibility Analysis. In order to facilitate V2G, a quantitative index of V2G flexibility should be well defined. [11] defines the flexibility as the ratio of to . But this definition cannot fully reflect the flexibility of charging considering many possible arrangements of charging schedules. Based on the above scenario analysis, we can define an intuitive index to better represent the flexibility of charging arrangement, V flex , which is defined as the area between upper bound and lower bound of the cumulative energy delivery curve, in or .
In unidirectional mode, , can be calculated easily as follows:
(10) We can see that,
, in unit or , can represent the ability to shift a certain amount of energy for a certain period. From (10) we can see that increases with the increase of and , meaning that longer connection time or faster charging speed could allow for better charging flexibility. The derivative of the flexibility index with respect to is calculated as follows: (11) The derivative takes zero only when and reaches its maximum value.
And would be smaller when absolute value of becomes large. It means that if the energy needed in the whole connected time is too large or too small, there would be not much flexibility. Consider extreme cases like equals to zero or , the PHEV has no flexibility since it must be idle or being charged at its maximum power all the time. The calculation and analysis of in bidirectional mode is much more complicated since the formula would include boundary parameters like and . It is obviously that the flexibility would increase along with the increase of gap between and .
Formulation of Unit Commitment Problem Considering Flexible Charging of PHEVs
The proposed day-ahead UC formulation shown below schedules the day-ahead generation, reserve and PHEV fleet aggregate charge power on a daily basis. The objective function is as follows: (12) Function (12) is the total costs of the thermal unit and potential economic cost of PHEV fleet. The costs of thermal unit is composed of fuel cost for producing electric power and startup and shut down cost.
The quadratic production cost function typically used in system scheduling is as follows:
(13) The startup cost is defined as a two stages step function and shut down cost is ignored here:
The potential economic cost including the wear-and-tear of battery and the loss of regulation up or regulation down ability due of the V2G process in energy market and so on. Social loss due to the unhappiness of PHEV owners about delay charging to the PHEV is also a potential loss. Modeling these costs would require further research. For simplicity, we just raise a possible simple formulation of the cost function and would not use them in the following case studies.
Since the uniform charging case has low and smooth charging curve and balance the regulation up and regulation down ability at whole time. So the wear-and-tear of battery and the loss of regulation up or regulation down ability due of the V2G process can be simply modeled as . Since case u1 is the most natural charging case, the difference between cumulative energy delivery under this case and the actual cumulative energy delivery can be used as the social loss. We can model the cost as , which is a factor in unit of $/MWh or $/kWh indicating the monetize of energy delivery shortage.
(15) The system constraints are as follows:
Constraint (16) represents the hourly power balance between the sum of scheduled generation and the sum of scheduled PHEV charge power and the expected value of the residual demand at that hour.
Constraint (17) represents the hourly system maximum available output should be no less than the sum of minimum PHEV fleet charge power , the expected value of the residual demand and predefine reserve level.
Generation limit constraints are as follows:
represents the available maximum output power of unit i in period t considering the ramping limit and startup and shutdown schedule. Constraints (19) represents that the maximum available output should within the ramp up or startup limit depending on the on/off status of the unit in previse period. Constraint (20) represents that the maximum available output of unit i in period t should also take the shutdown schedule in future period into consideration to avoid violation of the schedule.
The minimum up and down time limits are as follows:
Constraints (22) and (23) 
Constraints (24)-(26) are the power and energy constraints for the PHEV fleet. Constraint (25) represents that the minimum charge power should fulfill the energy requirement of PHEV fleet. Since VP is power unit in MW and VE is energy unit in MWh and cannot be compared directly, a time unit is introduced here to make them comparable.
Mixed Integer Linear Formulation. In order to guarantee the convergence to the optimal solution while enabling the flexibility of the developed framework, the problem should be formatted as a MIP problem. Most of the linearization technique needed can be found in [12] . Some other part would be handled as follows:
The ordinary representation of the startup status is , which introduce nonlinear constraints. It can be replaced by three linear constraints as follows:
(27) (28) (29) The constraints about shutdown status are similar. In actual optimization programing, and don't need to be specified as binary variable to improve computational efficiency.
Constraints of PHEV Changing Based on Practical Driving Patterns
Dataset Specification. Here we use TU data (Danish National Transport Survey) as the data source for driving pattern analysis and establishing the V2G related constraints. The TU data are interview data collect daily for more than 10 years. More than 100,000 household interviewees are asked to provide their driving profile on a particular day, including the start time, end time and distance traveled of each trip, the personal information like sex, family size, and home location and so on. Some interesting statistics from this dataset has been studied in [2] .
Basic Assumption. Since these driving data are collected from conventional vehicle owners, there might be some inconsistency with actual PHEV driving pattern and PHEV might not be likely to plug in the grid wherever it parked. Assuming PHEV drivers would keep their driving behavior and are able to stay connected with the grid anywhere still makes a good approximation of the future stage where PHEVs are widely deployed with well-established charging infrastructures in urban area. It is also assumed that critical parameters governing PHEVs charging services are as those listed in Table  1 . 150Wh/km In our case study alter on, for each PHEV, it is assumed that it would charge to before the departure time of the first trip of the day, and it would try to charge as much as possible in each parking period.
Charging Power Constraints. The power constraints of the PHEV fleet depend on the number of PHEV connected to the grid and maximum charge and discharge power limits of each PHEV. From the dataset it has been analyzed that that the driving patterns from Monday to Thursday are more or less the same with only small differences. We can generate the time series that private cars are not on the road during weekdays to help formulate the charging power constraints considering a PHEV fleet. 1  2  3  4  5  6  Number  9984  9993  9996  9994  9982  9911  Hour  7  8  9  10  11  12  Number  9661  9361  9563  9735  9728  9746  Hour  13  14  15  16  17  18  Number  9733  9723  9636  9403  9355  9533  Hour  19  20  21  22  23  24  Number  9687  9806  9869  9866  9890  9941 Fig. 4. Probability that household cars are not in use for transportation during weekdays. Figure. 4 shows the percentage of parking vehicles over the total in weekdays. Though there are two valleys due to the peak hours, the fraction of parking vehicles is still no less than 93%. The hourly average numbers of parking vehicles per 10,000 vehicles are listed in Table 2 . Given the total number of household PHEVs within a fleet, NV, the charging power constraints can be expressed as follows:
Charging Energy Constraint. Base on the assumption that PHEV would try to charge as much energy as possible, the charging power curve in each cases in Section II can be calculated. For the overnight parking (parking time contains 24:00), it would be separated by 24:00 into two parking periods to set boundary condition of the 24 hour cumulative power delivery curve. figure 5 we can see that the aggregate energy requirement of 10,000 PHEVs in a single weekday is about 36 MWh, which means that each PHEV would have 24km daily electric mileage in average on weekdays. The uniform charging is just in the middle between the upper and lower bounds of the unidirectional mode. And we can see that the flexibility is smaller during the commute periods due to the travel needs. In bidirectional mode, the upper bound is the same as the one under unidirectional mode since we assume that PHEV would try to absorb as much energy as possible during the V2G process. It can be seen that the lower bound of bidirectional mode is more lower than that in unidirectional mode, which means there would be much more flexibility in bidirectional mode. The hourly lower and upper bounds for cumulative energy delivery are listed in Table 3 . 
Case Studies
The proposed formulation has been applied to solve the ten-unit of [13] . The load demand and system parameters are listed in Tables A~C in appendix of [13] . The system reserve of each time period is set to be 10% of the total demand.
The penetration of V2G is defined as the ratio of the aggregate energy consumed by PHEV fleet to the total energy consumed by whole society on daily basis. From the load demand data in Table A , it shows that the total energy consumption in 24 hours is 27,100 MWh. So, 1% penetration of V2G means PHEV fleet draw 271MWh energy from the grid in 24 hours. That is about 75,000 PHEVs in total.
In order to show the impacts of different penetrations of V2G, the demand scales down and number of PHEVs scales up to make the daily total energy consumption unchanged while reserve maintaining the same level.
The model has been implemented on a PC with two processors at 2.13 GHz and 2GB of RAM memory using Gurobi 5.0 to solve this MILP-UC problem. Solver has been called from AIMMS. All results would be expressed in US Dollar ($).
The original UC problem is used as base-line case. The daily cost is $576372.358 and the commitment schedule is listed in Table 4 . 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1  1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1  0 0 0 0 0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 0  0 0 0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 0  0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 0  0 0 0 0 0 0 0 1 1 1 1 1 1 1 1 0 0 0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1  1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1  0 0 0 0 0 0 0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 0 0  0 0 0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 0  0 0 0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 From figure 6 we can see that, with the involvement of V2G, some expensive units don't need not to be committed in the new schedule.
The reduction of cost is composed by two parts, the load-shift part and the reserve part. The load-shift part is the cost saved by shifting the load from peak period to valley period. The reserve part is the cost saved by replacing expensive thermal spinning reserve to the reserve provide by PHEV fleet.
In order to quantify the value of these two parts of cost saving, we replace by in constraint (6) and solve the unit-commitment problem again. Then the result of UC with PHEV fleet used only as load-shifter can be acquired and the difference between the result of this UC problem and previse UC problem is the part of cost saving by reserve replacement. Table 6 shows the cost saving under different penetrations of V2G. From figure 7 we can see that, the saving by load-shift can save more cost than that by reserve replacement. Table 7 shows the scheduled aggregate charge power of PHEV fleet, the charging power is far lower than the maximum charging ability (The maximum charging ability with 10% penetration of V2G is about 1500MW). It means that charging power ability of PHEV fleet is enough to the whole power system with this level of penetration. Figure 8 show that the PHEV fleet shifts the load from peak period (the green part) to the valley period (the yellow part). Figure 9 shows that the cumulative energy delivery curve reaches the upper bound of the energy constraint in 6a.m. and 7a.m., and reaches the lower bound of the energy constraint in 3p.m. and 4p.m. It shows that the main bottleneck preventing PHEV fleet from shifting more energy between peak and valley periods is the energy constraint. In the valley periods in evening, PHEV fleet is scheduled to absorb more energy and the bottleneck is the capacity of batteries. In peak periods at noon, PHEV fleet is scheduled to absorb less energy but it must meet the energy requirement before PHEV owners pickup their car for commuting.
Bidirectional Mode. In bidirectional mode, the saving cost would be more that in same penetration in unidirectional mode, since the allowance of discharge provides more reserve and more ability to shift more energy. By ignoring the potential economic loss of PHEV fleet and set the penetration of V2G to 10%. The result of the unit commit problem is $541306.2932. Compare to base line case, we can see that total cost has been reduced by $35066.1. 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1  1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1  0 0 0 0 0 0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1  0 0 0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1  0 0 0 0 0 0 0 0 1 1 1 1 1 1 1 1 0 0 figure 11 we can see that, the cost saving with bidirectional V2G is much more than that with unidirectional V2G. The growing rate of cost saving is much slower when the penetration of bidirectional V2G became large. Table 10 shows the scheduled aggregate charge power of PHEV fleet, the charging power is still far lower than the maximum charging ability (The maximum discharging ability with 10% penetration of V2G is about 900MW). It means that charging power ability of PHEV fleet is enough to the whole power system with this level of penetration. Figure 12 show that the PHEV fleet shifts the load from peak period (the green part) to the valley period (the yellow part). And we can see that the energy shifted by PHEV fleet is more than that in unidirectional mode. Figure 13 show that the curve never reaches the lower bound of the energy requirement since lower bound is much lower now. It means that the energy requirement for the night commuting is fulfilled by some other parking PHEVs.
Conclusion and Future Work
From the above study we can conclude that V2G technology can bring much benefit to the power system. In UC problem in energy market, bidirectional V2G can save more money than unidirectional V2G. Our study shows that PHEV fleet used as load shifter can save more money than be used as a replacement of spinning reserve. The figure about cumulative energy delivery states that the capacity of batteries on PHEV is the main bottleneck of V2G.
V2G can play an important role in ancillary market and may earn more profile profit than energy market. But it is hard to model the profit in ancillary market into the formulation of UC problem. In the previse formulation, we try to establish a link between energy market and ancillary market by introducing a simple penalty function into the cost function. In future work, a more accurate penalty function would be set up to optimize the charging behavior of PHEV fleet both in energy market and ancillary market.
In this paper, we only give the best feasible schedule of aggregate charging power of the whole PHEV fleet. But in real world, the charging power needs to be disaggregated to each charging station or even each charging pole and it might be a difficult job. A practical way might be introduce a price single as incentive and how to determine the price at each time to narrow the difference between real aggregate charging power and scheduled aggregate charging power needed further study.
